The separation of particles from a heterogeneous mixture is critical in chemical and biological analyses. Many methods have been developed to separate particles in microfluidic devices. However, the majority of these separations have been limited to be size based and binary. We demonstrate herein a continuous dc electric field driven separation of carboxyl-coated and noncoated 10 m polystyrene beads by charge in a double-spiral microchannel. This method exploits the inherent electric field gradients formed within the channel turns to manipulate particles by dielectrophoresis and is thus termed curvature-induced dielectrophoresis. The spiral microchannel is also demonstrated to continuously sort noncoated 5 m beads, noncoated 10 m beads, and carboxyl-coated 10 m beads into different collecting wells by charge and size simultaneously. The observed particle separation processes in different situations are all predicted with reasonable agreements by a numerical model. This curvature-induced dielectrophoresis technique eliminates the inchannel microelectrodes and obstacles that are required in traditional electrode-and insulator-based dielectrophoresis devices. It may potentially be used to separate multiple particle targets by intrinsic properties for lab-on-a-chip applications.
I. INTRODUCTION
The separation of particles ͑both synthetic and biological͒ from a heterogeneous mixture is critical in chemical and biological analyses. To date, many methods have been developed to separate and sort particles in microfluidic devices, which take place in either a batchwise or continuous-flow manner. [1] [2] [3] The former type typically includes filtration, 4 chromatography, 5 electrophoresis, 6 and field-flow fractionation. 7 Continuous-flow separation can be driven by either an externally imposed ͑i.e., active͒ or an internally induced ͑i.e., passive͒ force field. [8] [9] [10] In the active mode an external gravitational, 11 electrical, 12 optical, 13 magnetic, 14 acoustic, 15 or hydrodynamic 16, 17 force field acts on the aligned particles at an angle to the flow direction and deflects them to different flow paths based mostly on particle size for a continuous sorting. For this to happen, however, additional force͑s͒ is usually required to actuate the particulate solution and align the suspended particles. The passive methods utilize the channel topology-induced force to manipulate particles to differential equilibrium positions during the travel, among which hydrodynamic filtration, 18 hydrophoresis, 19 and inertia [20] [21] [22] based continuous separations have been demonstrated. However, these methods are basically capable of separating particles by size only.
Dielectrophoresis ͑DEP͒ is another powerful tool for separating and sorting particles by size or polarizability ͑determined by the electric conductivity and permittivity of the particle and suspending medium as well as the ac field frequency 23 ͒ in microfluidic systems. [24] [25] [26] [27] It has been realized mainly by using electrode- 28, 29 and insulator-based [30] [31] [32] approaches. In electrode-based dielectrophoresis ͑eDEP͒ devices, high-frequency ac electric voltages are imposed upon pair͑s͒ of a͒ Author to whom correspondence should be addressed. Electronic mail: xcxuan@clemson.edu. FAX: 864-656-7299. microelectrodes placed inside a microchannel to create electric field gradients for particle DEP. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] The fabrication complexity and surface fouling of the in-channel microelectrodes are still the main concerns in eDEP devices. These two issues do not occur in another form of eDEP, named as contactless DEP ͑cDEP͒ by the authors, 45, 46 in which the electrodes are physically isolated from the sample. However, the typically 1 MHz level ac field frequency of state-of-the-art amplifiers significantly limits the application of this separation technique. Moreover, a pressuredriven pumping of the particle solution is necessary in all eDEP devices in order for continuous operation.
Insulator-based dielectrophoresis ͑iDEP͒ eliminates the above difficulties accompanying eDEP by using insulating hurdles, posts, and ridges to locally squeeze the electric current passage and generate the nonuniform electric field. [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] These micro-obstacles are made of the same material as the microchannel substrate itself, which significantly simplifies the fabrication process. Moreover, both dc and dc-biased ac ͑of any frequency͒ electric voltages can be applied to the electrodes positioned in end-channel reservoirs, and so the pressure-driven pumping of particle solutions becomes unnecessary. However, the in-channel obstacles may cause negative effects on the sample ͑especially to bioparticles͒ and the device as well due to, for example, the potential Joule heating and particle clogging issues. [58] [59] [60] In addition, electric field gradients can also be generated in the transition zone between a leading and a trailing electrolyte due to the mismatch of electric conductivity. The resulting dielectrophoretic force and others as well have been demonstrated to implement an "isotachophoretic" trapping and separation of particles. 61 Recently, our group has developed a new approach to separating particles in serpentine or spiral microchannels by the use of curvature-induced dielectrophoresis, [61] [62] [63] [64] which is essentially a new form of iDEP. This method exploits the inherent electric field gradients formed within microchannel turns to manipulate particles by DEP. 65 As such, the adverse effects caused by the micro-obstacles in iDEP devices are mitigated. We found that in an appropriate suspending medium large particles experience negative DEP in a serpentine microchannel and migrate toward the channel center plane while small particles undergo positive DEP and line the channel sidewalls. These distinctive focusing phenomena were combined to implement a continuous separation of particles by size. 66 In another study, we utilized the negative DEP in a serpentine microchannel to push small particles to the channel center and meanwhile bounce large particles between the two sidewalls for a continuous sorting. 67 Additionally we demonstrated a continuous binary separation of particles by size in a double-spiral microchannel, where particles are focused by negative DEP to a stream flowing near the outer wall of the first spiral and then deflected by negative DEP to size-dependent flow paths in the second spiral. 68 As reviewed above, however, the majority of the particle separations demonstrated so far in microfluidic systems have been limited to be size based and binary. [1] [2] [3] [8] [9] [10] In this work we demonstrate that curvature-induced DEP can also be exploited to separate particles by surface charge in a double-spiral microchannel. Moreover, we use this DEP method to implement a continuous ternary separation of particles by charge and size at the same time. Additionally, a numerical model is developed to simulate the observed particle separation processes in spiral microchannels.
II. EXPERIMENT

A. Microchannel fabrication
The microchannel was fabricated with poly͑dimethylsiloxane͒ ͑PDMS͒ using the standard soft lithography technique. The detailed procedure is given elsewhere. 54 As shown in Fig. 1 , the channel is composed of two spirals that have three loops in each and are asymmetric in structure. The first spiral is uniformly 50 m wide and connected to the inlet reservoir ͑see the labels in Fig.  1͒ through a short straight segment of equal width. It circulates counterclockwise up to the channel center and measures about 13 mm long. The second spiral starts at the channel center and extends clockwise with a gradually increasing width from 50 to 100 m. It is followed by a 1.5-mm-long straight segment, which trifurcates into three equal branches of 100 m width prior to ending at the outlet reservoirs 1-3 ͑see the labels in Fig. 1͒ . The diameter of the innermost semicircle is 100 m for both spirals. The radial distance between neighboring loops increases from the inner 150 m to the outer 350 m in order to avoid the electrical leakage through the PDMS wall. 69 The channel is 25 m deep everywhere and measures 39 mm long in total with an overall footprint of less than 2 ϫ 2 cm 2 including all the reservoirs.
B. Particle solution preparation
In demonstrating the particle separation by charge, plain noncoated polystyrene beads of 10͑Ϯ0.2͒ m in diameter ͑Sigma-Aldrich͒ and fluorescent carboxyl-coated polystyrene beads of 10.14͑Ϯ1.04͒ m in diameter ͑Bangs Laboratories͒ were mixed and resuspended in 1 mM phosphate buffer at a concentration of about 10 7 particles/ ml for each type. In the experiment of particle separation by charge and size, plain noncoated polystyrene beads of 5͑Ϯ0.1͒ m in diameter ͑Sigma-Aldrich͒ were added to the above particle mixture, which was then resuspended in 0.1 mM phosphate buffer to a concentration of 10 7 -10 8 particles/ ml for each type. Tween 20 ͑0.5% v/v, Fisher Scientific͒ was added to both of these particle solutions to suppress particle adhesions to channel walls as well as particle aggregations. Moreover, particle solution was stirred before being introduced to the inlet reservoir. 
C. Particle manipulation and visualization
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Particle separation by charge in spirals Biomicrofluidics 5, 024111 ͑2011͒ Lewisville, TX͒, through which videos and images at the inlet, center, and outlet regions of the spiral microchannel were recorded using a charge-coupled device camera ͑Nikon DS-Qi1Mc͒. The captured digital videos and images were processed using the Nikon imaging software ͑NIS-ELEMENTS AR 2.30͒. The trajectories of plain and fluorescent beads were obtained by superimposing sequential images in the Nikon imaging software with reference to a dark and bright background, respectively. They were then combined in MATLAB ® to achieve the graphical demonstration of particle separation in terms of discrete particle trajectories.
III. THEORY
A. Curvature-induced DEP for particle deflection Figure 2 shows the streamlines ͑short arrows indicate the directions͒ and contour ͑represented by the background color, the darker the higher͒ of electric field, E, in the center region of the spiral microchannel. Only the first half-loop is included for each spiral, and the width change in the second spiral is exaggerated for a better demonstration. In both spirals, electric field reaches the maximum and minimum values at the inner and outer walls, respectively, due to the variation in path length for electric current. Therefore, particles experience a transverse dielectrophoretic motion, U DEP , when they follow the electric field lines to move electrokinetically through the curving channel with velocity, U EK ͑see Fig. 2͒ . Using the effective dipole moment method, 70 one can obtain
where DEP is the dielectrophoretic mobility of particles, E is the electric field with a magnitude of E, R is the radius of the local curvature of an electric field line ͑equivalent to a streamline in pure electrokinetic flows, 71 see Fig. 2͒ , n is the unit normal vector of the streamline, f is the
Illustration of curvature-induced DEP for particle ͑represented by spheres͒ focusing and separation in an asymmetric double-spiral microchannel. Also illustrated are the electric field lines ͑short arrows indicate the directions͒ and the contour of electric field magnitude ͑background, the darker the higher͒.
024111-4 J. Zhu and X. Xuan Biomicrofluidics 5, 024111 ͑2011͒ permittivity of the suspending fluid, d is the particles diameter, f CM the so-called ClausiusMossotti ͑CM͒ factor, 70, 72 and f is the fluid viscosity. The dielectrophoretic particle deflection across the channel width can be approximately characterized as
where EK is the electrokinetic mobility of particles, and is the rotating angle of the spiral channel in one direction. It is straightforward that increasing the electric field and/or employing multiple loops ͑each loop has a rotating angle of 2͒ for the spiral enhance the particle deflection. More importantly, this deflection is a function of particle mobility ratio, which in dc electric fields is given by 66-68
where p is the zeta potential ͑a measure of surface charge͒ of particles, w is the average zeta potential of the channel wall, p is the electric conductivity of particles, and f is the electric conductivity of the suspending fluid. The dependence of deflection on the intrinsic properties of particles including diameter, charge, and conductivity enables the continuous separation of particles by one or a combination of these properties in spiral microchannels, which will be explained below.
B. Curvature-induced DEP for particle focusing and separation
Traditionally, a negative f CM indicates negative DEP which displaces particles to the region of a lower electric field. 23 Since polystyrene beads 73 and biological cells 74 appear poorly conducting in dc electric fields, they experience negative DEP in typical buffer solutions due to p Ͻ f and thus migrate toward the outer channel wall in each spiral as illustrated in Fig. 2 . Therefore, we can use curvature-induced DEP to focus all particles to a stream flowing near the outer wall of the first spiral if the electric field, E, and/or the number of loops in the first spiral, reflected by in Eq. ͑3͒, are sufficiently large. The minimum value of the product E for such dielectrophoretic focusing is determined by the particle with the smaller ͑or the smallest if more than two types of particles are present in the mixture͒ mobility ratio, ͑ DEP / EK ͒ small .
When the focused particle stream flows into the second spiral with electric field magnitude/ gradients being lower than in the first spiral ͑see Fig. 2͒ , those particles with mobility ratios larger than ͑ DEP / EK ͒ small can still be displaced by DEP to near the outer channel wall as they actually attain an overfocusing in the first spiral. In contrast, the smaller ͑or the smallest͒ particles with ͑ DEP / EK ͒ small are deflected at a lower rate and thus by a smaller distance though still toward the outer wall of the second spiral. As a result, particles with dissimilar mobility ratios, DEP / EK , can be continuously separated by DEP in the second spiral and eventually sorted into the three outlet reservoirs 1-3 after passing the channel trifurcation ͑see Fig. 1͒ . According to Eq. ͑4͒, this method can apply to the separation of particles by size, charge, and/or conductivity, among which a binary separation of polystyrene beads by size has been recently demonstrated by the authors.
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C. Numerical modeling
We developed a two-dimensional ͑2D͒ numerical model to simulate the electrokinetic particle separation in spiral microchannels through curvature-induced DEP. This model is revised from that developed by Kang et al. 75 and has been validated by several experiments from our group. 54, [62] [63] [64] 66, 67, 76 It neglects the perturbations of a particle to the flow and electric fields and
employs a correction factor c to account for the effects of the particle size ͑and others such as particle-particle interactions͒ on the dielectrophoretic velocity. Hence, the velocity of the particle is written as
where the three terms on the right-hand-side of Eq. ͑6͒ represent the particle velocities due to electrokinetic flow, DEP, and particle-wall interactions, f p−w is the coefficient characterizing the wall-induced particle velocity as a function of the particle-wall separation distance ␥, 75 and n is the local unit vector normal to the channel wall. The last velocity due to the particle-wall interactions has been experimentally demonstrated by our group in particle electrophoresis through a straight microchannel. 77, 78 Note that the inertial and centrifugal motions have been neglected in Eq. ͑6͒ because the Reynolds and Dean numbers are both very small under the experimental conditions. The instantaneous position of a particle, x p , is obtained by integrating the particle velocity U p , i.e.,
where x 0 represents the initial location of the particle, and t is the time period from the initiation. The numerical modeling was performed in COMSOL ® ͑Burlington, MA͒ with the MATLAB ® interface. A 2D model of the serpentine microchannel was first developed in COMSOL ® , where the effects of the top and bottom channel walls on particle motions were neglected. 49, 53, 54, [62] [63] [64] 66, 67, 75, 76 Then, the electric field distribution was solved from Laplace equation in COMSOL ® . The boundary conditions include the electric voltages imposed to the reservoirs and the insulating condition on all channel walls. Next, the finite-element-model ͑FEM͒ structure was exported into MATLAB ® to determine the trajectory of a particle whose initial position was specified at the channel entrance. A custom-written program in MATLAB ® was used to determine the particle position x p , where the key function is to calculate the particle-wall separation distance ␥ and thus the coefficient f p−w from Eq. ͑7͒. All particles were assumed to enter into the spiral microchannel uniformly from the inlet reservoir. Five particles were picked for each type with their initial positions evenly distributed at the entrance of the spiral channel.
Other parameters required in the modeling were obtained as follows. The electrokinetic mobility, EK , was determined by tracking the motions of individual particles in a straight channel where DEP is negligible. The dielectrophoretic mobility, DEP , was calculated from Eq. ͑2͒ with the typical dynamic viscosity, = 1.0ϫ 10 −3 kg/ m s and permittivity f = 6.9ϫ 10 −10 C / V m for pure water at 20°C. The electric conductivity of particles with a diameter d was determined using p =4K s / d with K s = 1 nS being the surface conductance recommended by Ermolina and Morgan. 73 The electric conductivities of 1 and 0.1 mM phosphate buffers measured 210 and 26 S / cm, respectively. The correction factor for dielectrophoretic velocity, c, was determined by fitting the predicted particle trajectories to the experimentally observed pathlines. Figure 3 shows the continuous binary separation of plain noncoated ͑dark͒ and fluorescent carboxyl-coated ͑bright͒ 10 m polystyrene beads in the spiral microchannel using curvatureinduced DEP. The beads were resuspended in 1 mM phosphate buffer. The inlet reservoir was imposed a 400 V dc voltage while the three outlet reservoirs were all grounded ͑see Fig. 1͒ . The average electric field in the 50 m wide first spiral is about 160 V/cm as obtained from the numerical simulation. The electric field in the second spiral is lower than this value since its width 024111-6 J. Zhu and X. Xuan Biomicrofluidics 5, 024111 ͑2011͒
IV. RESULTS AND DISCUSSION
A. Binary separation of particles by charge
increases from 50 to 100 m. The measured values of electrokinetic mobility, EK , are 3.3 ϫ 10 −8 and 1.6ϫ 10 −8 m 2 / V s for the noncoated and coated beads, respectively, indicating their dissimilar surface charges, i.e., p in Eq. ͑4͒. As they are of nearly identical sizes and made of the same material, the two types of beads are expected to experience similar DEP or possess similar dielectrophoretic mobility, DEP . As such, the coated beads should have a mobility ratio, DEP / EK , roughly twice that of the noncoated beads. At the inlet of the spiral microchannel, the coated and noncoated beads entered into the straight segment uniformly, as seen from the snapshot image in Fig. 3͑a1͒ ͑enhanced͒ and the superimposed image in Fig. 3͑a2͒ . They were then both deflected by negative DEP in the first spiral and gradually focused into an overlapping stream near the outer wall as demonstrated in Fig.  3͑b1͒ ͑enhanced͒. Immediately following that, the focused two types of beads in Fig. 3͑b1͒ were observed to quickly migrate away from the inner wall of the second spiral ͑i.e., continuation of the outer wall of the first spiral͒ while at different rates. Apparently, the coated fluorescent beads were displaced more than the noncoated plain ones due to their nearly doubled mobility ratio, DEP / EK , of the latter. As a consequence, the single focused particle stream in the first spiral continuously and autonomously split into two sub-streams based on charge at the end of the second spiral, see the snapshot image in Fig. 3͑c1͒ ͑enhanced͒ and the superimposed image in Fig.  3͑c2͒ . Eventually, the coated and noncoated beads were sorted in the channel trifurcation and collected into the outlet reservoirs 1 and 2, respectively. The entire process of the particle separation in the spiral microchannel is predicted with a reasonable agreement by the numerical model as demonstrated in Fig. 3 ͓see ͑a3͒, ͑b2͒, and ͑c3͔͒ , where the red and blue lines represent the trajectories of coated and noncoated beads, respectively͒. As the two types of beads have nearly the same size, the correction factor for dielectrophoretic velocity, c, was set to 0.4 for both ones, which is consistent with previous studies. 49, 54, 62, 64, 75 The throughput of the demonstrated charge-based particle separation through DEP in the spiral microchannel was 150-200 beads/min as estimated from the video. It can be greatly enhanced if a higher particle concentration and a deeper channel are used because the demonstrated DEP does not depend on the channel depth. 62 We also tested the efficiency of this separation by FIG. 3 . Continuous binary separation of plain noncoated ͑dark͒ and fluorescent carboxyl-coated ͑bright͒ 10 m polystyrene beads in a spiral microchannel through curvature-induced DEP: snapshot image ͑a1͒ ͑enhanced͒, superimposed image ͑a2͒, and numerical prediction ͑a3͒ in the inlet region; superimposed image ͑b1͒ ͑enhanced͒ and numerical prediction ͑b2͒ in the center region; snapshot image ͑c1͒ ͑enhanced͒, superimposed image ͑c2͒, and numerical prediction ͑c3͒ in the trifurcation region. The inlet reservoir was imposed a 400 V dc voltage while the three outlet reservoirs ͑see 
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Particle separation by charge in spirals Biomicrofluidics 5, 024111 ͑2011͒ counting the number of dark noncoated and bright coated beads in the three outlet reservoirs. Figure 4 shows the percentages of these two types of beads in outlet reservoirs 1 and 2, respectively, where a total of over 800 beads were counted. No beads were noticed in outlet reservoir 3. It was found that over 95% of the beads collected in outlet reservoir 1 are coated beads while over 98% of the beads in outlet reservoir 2 are noncoated beads.
Effect of the voltage at the inlet reservoir
We also studied experimentally and numerically how the voltage at the inlet reservoir affects the dielectrophoretic separation of noncoated ͑dark͒ and carboxyl-coated ͑bright͒ 10 m beads in the spiral microchannel. Figure 5 ͑left for snapshot images, middle for superimposed images, and right for numerical predictions͒ shows the particle behaviors in the trifurcation region under the inlet voltages of 200 V ͑a͒, 400 V ͑b͒, and 600 V ͑c͒, respectively. The three outlet reservoirs were grounded in all cases. The 400 V case has been explained above, where the electric field in the first spiral is sufficient to focus both types of beads into a single stream near the outer channel wall for subsequent complete separation in the second spiral; see Fig. 5͑b͒ . If, however, the inlet voltage is decreased to 200 V, the resulting 80 V/cm electric field in the first spiral is barely enough to deflect even the coated beads ͑with a larger mobility ratio DEP / EK ͒ to the outer channel wall. As shown in Fig. 5͑a͒ the coated and noncoated beads both moved into reservoir 2 without a separation. When the inlet voltage was increased from 400 V to 600 V, both types of beads were over-focused in the first spiral. As such, the lateral displacement between the two particle sub-streams in the second spiral was small so that all particles were collected in outlet reservoir 1 without a separation, which is illustrated in Fig. 5͑c͒ . One can see that the numerically predicted particle trajectories agree reasonably with the experimental results in all three cases.
Effect of the voltages at the outlet reservoirs
Further, we studied experimentally and numerically how the dc voltages at the outlet reservoirs may affect the binary separation of noncoated ͑dark͒ and carboxyl-coated ͑bright͒ 10 m beads in the spiral microchannel. This is presented in Fig. 6 , where the three columns from left to right display the snapshot images, superimposed images, and numerical predictions. The inlet voltage was fixed at 400 V. Figure 6͑a͒ shows the exact case that we have explained in Fig. 3 and revisited in Fig. 5͑b͒ , where the three outlets were all grounded so that the coated and noncoated beads were sorted into outlet reservoirs 1 and 2, respectively. However, when the voltages at these two reservoirs were tuned to 37 and 4 V, we observed that the coated and non-coated beads were sorted into reservoirs 2 and 3, respectively, as demonstrated in Fig. 6͑b͒ . This is because the new voltages at the outlet reservoirs changed the flow splitting at the trifurcation and redirected the majority of the flow toward outlet reservoirs 2 and 3. We also implemented the separation of coated and noncoated beads into outlet reservoirs 1 and 3, respectively, as seen in Fig. 6͑c͒ . For this to happen, we floated outlet reservoir 2 and applied a 12 V to outlet reservoir 1 while still maintaining outlet reservoir 3 grounded. As such, there was actually no flow into reservoir 2 during the particle separation. These observed particle separation behaviors are all reasonably predicted by the numerical model as demonstrated in Fig. 6 ͑right column͒.
B. Ternary separation of particles by change and size
To test the versatility of dielectrophoretic separation in spiral microchannels, we conducted another experiment to attempt a ternary separation of particles by charge and size simultaneously. For this purpose, we fabricated a new spiral microchannel that is similar to the one in Fig. 1 but with a doubled width everywhere. The gap distances between neighboring loops were also adjusted accordingly, yielding a total channel length of 46 mm. Plain noncoated 5 m beads were added into the above-used binary particle mixture, which was then resuspended in 0.1 mM phosphate buffer ͑electric conductivity measured 26 S / cm͒ for an improved separation. Using the method described earlier, we obtained the electrokinetic mobility, EK = 4.3ϫ 10 −8 , 4.5ϫ 10 −8 , and 2.2ϫ 10 −8 m 2 / V s for the noncoated 5 m, noncoated 10 m, and coated 10 m beads, respectively. As the dielectrophoretic mobility, DEP , is proportional to particle diameter squared ͓see Eq. ͑2͔͒, it is expected that the mobility ratio, DEP / EK , of 5 m beads is about one-quarter of that of the noncoated 10 m beads. The mobility ratio of the coated 10 m beads is the largest among the three due to their smallest electrokinetic mobility. Figure 7 shows the experimental observation and numerical prediction of the ternary separation of particles by charge and size. The dc voltage at the inlet reservoir is 1000 V, and those at the outlet reservoirs 1-3 are 33, 20, and 0 V, respectively. The computed electric field in the first spiral is about 330 V/cm on average, which as explained earlier, served to deflect and focus with DEP all 
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Particle separation by charge in spirals Biomicrofluidics 5, 024111 ͑2011͒ three types of beads ͓see Fig. 7͑a1͔͒ ͑enhanced͒ to a single stream near the outer wall of the first spiral. Subsequently the discrepancy in the particle mobility ratio led to differential lateral displacements of the focused bead streams in the second spiral ͓see Fig. 7͑b1͔͒ ͑enhanced͒. As such, the coated 10 m beads, noncoated 10 m beads, and noncoated 5 m beads were sorted into outlet reservoirs 1-3, respectively, as demonstrated in Figs. 7͑c1͒ ͑snapshot image, enhanced͒ and 7͑c2͒ ͑superimposed image͒. This whole process is once again reasonably predicted by the numerical model as demonstrated in Fig. 7 ͑see a2, b2, c3͒, where the red, blue, and green lines represent the trajectories of coated 10 m beads, noncoated 10 m beads, and noncoated 5 m beads, respectively. The correction factor for dielectrophoretic velocity, c, was set to 0.4 and 0.6 for the 10 and 5 m beads, respectively, both of which are consistent with previous studies. 49, 54, 62, 64, 75 The particle throughput of this demonstrated ternary separation is estimated to be at least 1000 beads/min from the video, which can be further improved by increasing the channel depth or the particle concentration. We ran this ternary separation experiment for over 10 min without interruption and adjustment. After that we took an image ͑top view͒ of each of the three outlet reservoirs, which, as seen in Fig. 7 ͑d1, d2 and d3 for outlet reservoirs 1, 2 and 3, respectively͒, indicates a high separation efficiency of the three types of beads by charge and size simultaneously.
V. CONCLUSIONS
We have demonstrated a continuous binary separation of particles by surface charge in a double-spiral microchannel using curvature-induced DEP. The effects of the dc voltages applied to the inlet and outlet reservoirs on the particle separation have been examined systematically. As compared to the traditional elution-based capillary electrophoresis 1, 6 and field flow fractionation 7 for charge-based separation, this demonstrated DEP technique has the advantage of continuousflow process and is thus more suitable for integration with pre-and/or postseparation parts into lab-on-a-chip devices. We have also implemented a continuous ternary separation of particles by charge and size in a similar spiral microchannel. Moreover, the observed particle separation processes in different situations are all reasonably predicted by a numerical model. These experiments demonstrate that the developed curvature-induced DEP technique may be used with potential to separate multiple particle targets by their intrinsic properties ͑e.g., particle size, charge, and conductivity͒.
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Coated 10 μm beads FIG. 7 . Continuous ternary separation of plain noncoated 5 m ͑gray͒, plain noncoated 10 m ͑dark͒, and fluorescent carboxyl-coated 10 m ͑bright͒ polystyrene beads in a spiral microchannel using curvature-induced DEP: snapshot image ͑a1͒ ͑enhanced͒, superimposed image ͑a2͒ and numerical prediction ͑a3͒ in the inlet region; superimposed image ͑b1͒ ͑enhanced͒ and numerical prediction ͑b2͒ in the center region; snapshot image ͑c1͒ ͑enhanced͒, superimposed image ͑c1͒ and numerical prediction ͑c3͒ in the trifurcation region; top-view images ͑d1, d2 and d3͒ of the particles sorted into the three outlet reservoirs, labeled as OR 1-3 in ͑a1͒. 
